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Southern Alaska as a source of atmospheric mineral
dust and ice-nucleating particles
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Ice-nucleating particles (INPs) influence cloud radiative properties and climate; however, INP sources and con-
centrations are poorly constrained, particularly in high-latitude regions. Southern Alaska is a known source of
high-latitude dust, but its contribution to atmospheric mineral dust and INP concentrations has not been quan-
tified. We show that glacial dust collected in southern Alaska is an effective ice-nucleating material under con-
ditions relevant for mixed-phase clouds and is more active than low-latitude dust because of a biological
component that enhances its activity. We use dispersion modeling to show that this source contributes to
the regional INP population and that the dust emitted is transported over a broad area of North America, reach-
ing altitudes where it could cause cloud glaciation. Our results highlight the importance of quantifying emis-
sions and ice-nucleating characteristics of high-latitude dusts and suggest that the ice-nucleating ability of
emitted dust in these regions should be represented in models using different parametrizations to low-latitude
dust.
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INTRODUCTION
The presence of ice in clouds has a strong control on their physical
and optical properties and the processes that they control such as
radiative transfer and precipitation formation (1, 2). Heterogeneous
freezing, triggered by the presence of ice-nucleating particles
(INPs), is an important pathway for ice formation in mixed-phase
clouds in the atmosphere. Hence, understanding INPs and their
role in the formation of ice in clouds is of crucial importance to con-
strain the role of clouds in the climate system (3–5).
Despite their importance, our understanding of INPs is still rel-

atively poor, and their sources, concentrations, and seasonal vari-
ability are poorly quantified. This is particularly pronounced in
high-latitude (≥50°N and ≥40°S) regions where mixed-phase
clouds, which are highly sensitive to the presence of INPs, are
common (6). Many laboratory and field measurements have
focused on low and mid-latitudes where globally important
sources of INPs, such as desert dust, have been identified (7–10).
However, there has been less focus on INP sources in the mid- to
high latitudes (45°N to 75°N), a region critical for cloud-phase feed-
back (5). As the climate warms, the amount of liquid water relative
to ice in mixed-phase clouds will increase. This leads to clouds with
a higher albedo, which has a cooling effect over dark surfaces such as
the ocean and, hence, a negative climate feedback (2, 5). While it is
clear that the cloud-phase feedback is negative, there is still uncer-
tainty over the magnitude of this feedback (2, 3, 5, 11). The strength
of the cloud-phase feedback depends on the amount of ice in
clouds, so accurate modeling of the partitioning between ice and
liquid water in present-day clouds, as well as in a changing
climate, is key to predicting the magnitude of the cloud-phase feed-
back. However, ice-related processes are poorly represented in
general circulation models, and the amount of ice is often overesti-
mated (2, 3, 11). INPs relevant for the cloud-phase feedback have
not been quantified, and their sources, concentration, and influence

on mixed-phase clouds remain a substantial uncertainty in esti-
mates of cloud-phase feedback (5).
The high latitudes are remote from the major low-latitude dust

sources in Africa and Asia; hence, the concentration of low-latitude
desert dust is relatively small (12), and there is also strong seasonal
variability in aerosol concentrations relating to transport and
removal mechanisms (13–15). This means that local aerosol
sources can be the dominant source of mineral dust in the high lat-
itudes (15, 16). Dust emission zones in northern high latitudes have
been identified in regions including Iceland, Canada, Greenland,
and Alaska (17, 18). While such high-latitude dust (HLD) sources
account for a relatively small fraction of global dust emissions [~5%
(17)], studies have shown that dust from sources >60°N contributes
up to 27% of the total dust load in the Arctic, which is comparable to
the 32% contribution of African dust (16, 19) to the Arctic.
HLDs have been shown to nucleate ice under conditions relevant

for mixed-phase cloud formation (20–22), suggesting that they
could be an important source of INPs. However, there is consider-
able variability in the characteristics of these sources, and there have
been few studies investigating the transport of dust and INPs from
HLD sources, meaning that we cannot yet make wider conclusions
regarding the contribution of HLDs to atmospheric INP popula-
tions. Tobo et al. (20) and Xi et al. (22) report the ice-nucleating
activity of glacial outwash sediments, from Svalbard, Norway and
the Yukon, Canada, respectively. Sediment produced by glacial pro-
cesses is one of the main contributors to HLD emissions (17), but
the physical and chemical properties are influenced by the local
bedrock and environment. Dust from other origins, such as sedi-
ment derived from volcanic material in Iceland, as studied by
Sanchez-Marroquin et al. (21), again has different composition
and properties (23). Dust can also be altered by processes occurring
during transport, deposition, and uplift (18). For example, glacial
outwash sediment from Svalbard studied by Tobo et al. (20) had
a biogenic component to its ice-nucleating activity, rather than
being controlled purely by mineralogy, suggesting mixing or
growth of biological material during transport in the fluvial envi-
ronment. The physical, chemical, and biological processes that

1School of Earth and Environment, University of Leeds, Leeds, UK. 2National Centre
for Atmospheric Science, Leeds, UK.
*Corresponding author. Email: eeslb@leeds.ac.uk

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Barr et al., Sci. Adv. 9, eadg3708 (2023) 16 August 2023 1 of 12

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 15, 2023

http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adg3708&domain=pdf&date_stamp=2023-08-16


dust and sediments are exposed to and the resulting effect on the
ice-nucleating properties of the material will vary depending on en-
vironmental conditions such as the local climate and land cover.
Sediments studied by Tobo et al. (20) originated from largely ice-
and vegetation-free areas of Svalbard, where less than 10% of the
landscape is covered in vegetation and there are no tall trees.
However, in many other regions, glacial sediments are transported
by rivers in vegetated or forested mountain catchments. There are
biological INP sources in forests in the northern high latitudes (24,
25), and hence, there is potential for the ice-nucleating ability of
transported sediments to be enhanced by the presence of biogenic
material from abundant vegetation. There have been few studies of
the ice-nucleating ability of dust originating from such regions.
The south coast of Alaska is one of the most active sources of

glacial dust in the northern high latitudes (17, 18, 26), and dust
events have been observed as early as 1910 (27). Here, numerous
glacially fed rivers originate in the Wrangell and Chugach Moun-
tains and flow to the Gulf of Alaska, transporting glacial sediment
that is deposited on floodplains at their terminus. The largest of
these rivers is the Copper River, also known as Atna’tuu (Ahtna
Athabascan) or Eekhéeni (Tlingit). The watershed of the Copper
River spans 62,000 km2 of southern Alaska and encompasses ice-
and snow-covered mountain terrain, boreal forests, temperate rain-
forests, and wetlands (fig. S1). Glaciers cover 18% of the catchment
(28) and load the river with melt-water and sediment produced by
glacial processes, resulting in around 70 million tons of sediment
being transported by the river each year (29), the highest annual sus-
pended-sediment load in Alaska (30). Some of this sediment is de-
posited on the Copper River Delta. In late summer or autumn, when
the river levels are at their lowest and north-easterly winds down the
river valley are prevalent (26), this fine glacial sediment is lofted into
the atmosphere, resulting in large dust events that can last several
days or weeks and extend hundreds of kilometers over the Gulf of
Alaska, as shown in Fig. 1. Single events have been estimated to
transport up to 80 kilotons (kt) of dust from the Copper River
Valley (31), and dust from the Copper River has been shown to
play an important role in the transport of minerals to the Gulf of
Alaska (31, 32). However, the ice-nucleating ability of the dust
has not yet been quantified.
Here, we investigate the ice-nucleating ability of glacial dust from

the Copper River Delta by collecting size-segregated samples of air-
borne dust from the Copper River Delta and characterized its ice-
nucleating activity in a laboratory study. We then use particle dis-
persion modeling to model the transport of this dust and estimate
atmospheric INP concentrations to test the hypothesis that the
Copper River Valley is an important source of INPs for the North
Pacific and the northern North American continent.

RESULTS
Making measurements in high-latitude regions is often difficult
because of their remoteness, lack of infrastructure, and potentially
extreme environments; hence, the choice of a field site was an im-
portant consideration. As well as being an important dust source,
the Copper River Delta can be accessed using a normal 4 × 4
vehicle via the Copper River Highway, a gravel road from the
nearby town of Cordova (60.5°N, 145.8°W). This presented an ex-
cellent opportunity to access an active dust source region directly.
We used portable battery-operated equipment that can easily be

carried by one person, meaning sampling could be undertaken
with minimal resources.

Fraction frozen and INP concentration
We collected size-resolved samples of airborne dust during a field
campaign to the Copper River in autumn of 2019. Using a multi-
stage cascade impactor that collects samples onto substrates in
four size bins (0.25 to 0.5 μm, 0.5 to 1.0 μm, 1.0 to 2.5 μm, and
>2.5 μm; in pactice the upper limit to the >2.5 μm stage is around
6 μm; see Materials and Methods), we collected multiple samples
during dust events, where the mass loading was 10 to 170 μg m–3

(see Table 1). Substrates from the four impactor collection stages
were analyzed using droplet freezing experiments; from this, we de-
termined fraction frozen ( fice) and INP concentrations (NINP) for
each size bin. Details of each sampling period are given in Table 1
and the resulting size-resolved fice and NINP values, as a function of
temperature, in Fig. 2. Most of the data are above the mean handling
blank, showing that the dust from this region nucleates ice at
warmer temperatures than the experimental background. Both frac-
tion frozen and NINP show some size dependence with the larger
stages, A and B, freezing at warmer temperatures. This is particular-
ly apparent in samples 191017 (AM) and 191018, which exhibit the
largest difference in fraction frozen and NINP between stages A and
B compared to C and D. This shows that larger particles contribute
more to the INP population at the source. The sampling periods
with higher INP concentrations [191017 (AM) and 191018] corre-
sponded to the periods with greater dust loading (see Table 1).
Other size-resolved INP concentration measurements in the
North American Arctic also show that on at least some days, the
INP concentrations at temperatures above ∼−20°C are greater in
the supermicrometer size range compared to the submicrometer

Fig. 1. True color image of the Copper River Delta. Derived from Landsat 8 Col-
lection 2 Tier 1 calibrated top-of-atmosphere reflectance of a dust event on 31
October 2020.
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range (33–35). Hence, this may indicate that local dust sources con-
tribute to the supermicrometer INP population across the North
American Arctic.

Heat sensitivity of samples
We used heat tests to further investigate the INP activity of our
samples and identify potential biogenic controls of the nucleation.
Ice-nucleating proteins in fungus and bacteria are known to deac-
tivate on heating to ∼100°C when immersed in water (36). In con-
trast, the mineral K-feldspar, which often controls the ice-
nucleating activity of abiotic mineral dusts, does not deactivate
under the standard wet-heat test conditions. Hence, we interpret
a decrease in ice-nucleating activity after heating as the presence
of an ice-nucleating proteinaceous biological component contribut-
ing to the activity of the sample.
Comparing our unheated and heated samples for all size bins

(Fig. 3A) shows a clear reduction in activity. Generally, the larger
size bins experienced a greater decrease in activity on heating. Com-
paring heated and unheated samples in each size range (Fig. 3B)
shows that the most notable deactivation occurs in the larger size
bins and change in the median freezing temperature, ΔT50, decreas-
es with each size bin. This deactivation, as well as the fact that the

activity was also observed to be size dependent (Fig. 2), suggests that
either larger biological particles are present in the glacial dust or that
large dust particles have ice-nucleating proteins attached to them.
For stages A and B on 18 October, we saw a much smaller decrease
in activity (2°C versus a mean of 3.6°C). This perhaps indicates the
presence of either heat-insensitive mineral dust (unlikely given the
analysis presented below) or heat-insensitive biological materials,
such as polysaccharides from pollen. Changing weather and envi-
ronmental conditions, such as soil moisture, may also affect the
emissions of dust. During the field campaign, we experienced rain
on 12 and 13 October followed by dry conditions. This meant that
throughout the field campaign, the surface was drying; however, the
soil moisture across the delta is likely to vary, and the drying itself
would depend on sediment composition, particle size, and location.
Hence, it is possible that the characteristics of the dust emissions,
such as the size distribution and biological content, change as this
drying process progresses and dust can be emitted from different
areas. This suggests that the environmental conditions in the water-
shed influence the ice-nucleating activity of HLDs.

Table 1. Overview of each sample including sample locations (A and B) as shown in Fig. 7.Wind speeds refer to the measured wind speed at the start of the
sampling period. PM10 (the mass concentration of aerosol particles smaller than 10-μm diameter) is calculated from the mass on each stage and the sample
volume. The uncertainty in PM10 values combines the SD of the mass measurements for each stage. The size bins of the stages are as follows: stage A, >2.5 μm;
stage B, 1.0 to 2.5 μm; stage C, 0.5 to 1.0 μm; and stage D, 0.25 to 0.5 μm.

Date (YYMMDD) Location Sample volume (liter) Wind speed (m s−1)
Mass per stage (μg)

PM10 (μg m−3)
A B C D

191013 A 2172 13 41 16 <5 <5 26 ± 8

191016 A 1593 15 27 12 20 11 43 ± 11

191017 (AM) A 1696 15 128 118 9 8 167 ± 6

191017 (PM) B 1579 17 <5 10 <5 7 10 ± 7

191018 A 2255 12 40 75 27 6 66 ± 5

Fig. 2. Size-resolved ice-nucleating activity of Copper River Valley dust. (A) Fraction frozen for all samples. (B) INP concentration per standard liter of air for all
samples. Different colors represent each of the four collection stages, and different symbols distinguish different sampling days. The mean and SD of handling
blanks shown in (A) represent the background INP activity used in calculating the error shown by error bars in (B).
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Ice-active site density
To quantify the ice-nucleating activity of our Copper River dust
samples, we normalized the INP concentration data to the aerosol
surface area derived gravimetrically to give the ice-active site
density, ns (Fig. 4). The general trend across the five samples (that
we could obtain gravimetric data for) was that the larger particles
had a greater ns than the smaller ones, by approximately one
order of magnitude. Reicher et al. (37) reported that desert
aerosol particles in Israel of D50 3.2 μm had a slightly larger ns
than 1.0-μm particles. Similarly, in Leeds, UK, Porter et al. (38)
report that the 2.5- to 10-μm size range had a greater ns than the
<2.5 μm. However, there are other locations where the activity of
aerosol does not increase with particle size; for example, a measure-
ment from Svalbard indicates that particles between 0.5 and 10 μm
had very similar ns values. Overall, it seems that for Copper River
Valley dust, the larger particles have a greater ice-nucleating activity
(on a per surface area basis) than the smaller ones. Because accumu-
lation mode particles will have a longer lifetime than the coarse
mode in the atmosphere, we would therefore expect the overall ac-
tivity of Copper River Valley dust to decrease on transport.
X-ray diffraction (XRD) of our bulk surface samples (sieved to 45

μm) highlights the presence of a number of known ice-active min-
erals, namely, potassium (K-) feldspar (8.94%), quartz (15.41%),
and albite (57.61%; as well as 5.86% muscovite, 7.99% calcite, and
4.19% other). Hence, in Fig. 4A, we plot the corresponding scaled ns
curves for the three minerals with the greatest ice-nucleating ability
(K-feldspar, quartz, and albite) (39). These proportions were
derived for 45-μm sieved dust, and the amount of these minerals
in the aerosol fractions is very likely different (most likely
smaller); hence, quantitative comparison with our measured ns
values should bear this in mind. Nevertheless, we can draw useful
conclusions from this comparison. Because of its high ice-nucleat-
ing activity and abundance, we would expect K-feldspar to be the
most important mineral for ice nucleation. However, our samples
show a much shallower slope and higher activity at warmer temper-
atures (Fig. 4A) compared to a scaled parametrization of pure K-
feldspar. Similarly, both albite and quartz are considerably less
active than our samples. This suggests that conversely to low-lati-
tude African desert dust (40, 41), the activity of dust from the
Copper River is not controlled by K-feldspar or other ice-active

minerals at temperatures above about −20°C. At temperatures
below −20°C, K-feldspar may account for an increasing proportion
of the ice-nucleating activity of our samples.
In Fig. 4B, we compare our ns values for Copper River Valley

dust to ns for other northern high-latitude samples. Comparing
our Copper River Valley results to ns for Icelandic dust sampled
from an aircraft reveals that the dust from the two very different lo-
cations has very similar activity and the parametrization of the Ice-
landic dust fits our data well. Xi et al. (22) report the ice-nucleating
activity of dust samples from a glacial valley in the Yukon, Canada
(on the other side, Chugach mountain range, 300 km away from the
Copper River Delta). Their results fall at the low end of the range of
our data. Porter et al. (38) report size-resolved ns values for a sample
collected from a ship near Longyearbyen in Svalbard. As mentioned
above, they do not observe a clear dependence on aerosol particle
size, but their ns values do overlap with the upper end of our
range of ns values. Paramonov et al. (42) used a continuous flow dif-
fusion chamber to study the ice-nucleating activity of Icelandic dust
(among others); their ns values extend our literature comparison to
lower temperatures. They found that ns for 200-nm particles was
greater than that for 400-nm particles, which is the opposite trend
to what we observed. This comparison with the literature suggests
that the ice-nucleating activity of aerosol around the Arctic varies by
at least two orders of magnitude and that the size dependence of ns
also varies.
In Fig. 4C, we plot the ns values for unheated and heated samples

of Copper River Valley dust (this is the same data as in Fig. 3C). The
bulk of the samples are heat sensitive across the whole temperature
range and fall into the regime defined by the minerals after heating.
Note that the mineral lines are defined using mineral proportions
determined by XRD for a 45-μm sieved fraction, and the fact that
the heated ns values fall below the K-feldspar line indicates that
there is less K-feldspar in the sample than the 8.94% defined by
XRD. Xi et al. (22) report that the ice-nucleating activity of dust
samples from a glacial valley in the Yukon, Canada, was dominated
by biological material above −15°C. They did a further test using
ammonium salts, which are known to enhance the ice-nucleating
activity of minerals (43), to show that the INP population below
−15°C was dominated by mineral particles. This contrasts with
dust from the Copper River Valley where there is heat sensitivity

Fig. 3. Heat tests for protein-based biological ice-nucleating entities. Fraction frozen before heating (blue) and after heating (red) of each sample along with box
plots for each stage. The box plots include all of the samples; each box represents the 25th and 75th percentiles, and the whiskers cover the full spread of the data. The
median freezing temperature, ΔT50, is shown with a black line.
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to below −25°C. This is consistent with Fig. 4B where we find that
the Copper River valley dust is as much as two orders of magnitude
more active than that from the Yukon. This difference is perhaps
related to the watershed and vegetation cover at the two sites. Xi
et al. (22) sampled dust originating in the Äay Chù Valley and the
Kaskawulsh glacier. The Äay Chù River begins at the Kaskawulsh

glacier and runs approximately 25 km before terminating in
Kluane Lake; this is in contrast to the Copper River, which is over
450 km long and has awatershed of over 62,000 km2, much of which
is vegetated. The smaller watershed means that there is less vegeta-
tion and less variability in vegetation types [determined by compar-
ing the land cover of the Copper River watershed (fig. S1) with
satellite imagery and leaf area index of the Äay Chù Valley (from
NASA Worldview)]. Vegetation is related to the various fungal
and bacterial entities that are known INPs. In addition, ice-nucleat-
ing proteins can become bound to mineral particles when suspend-
ed in water (44); this may occur in river water leading to ice-active
proteins being bound to mineral particles. Hence, the greater bio-
logical INP content of the Copper River Valley dust compared to
that of the Yukon samples may be evidence that the ecosystem of
the watershed defines the ice-nucleating ability of the dust that
is emitted.

Dust transport from the Copper River Valley
To assess the contribution of the Copper River Valley to INP con-
centrations across the wider region, we used the FLEXible PARTicle
dispersion model (FLEXPART) to run 10-day forward trajectories
of particles released from the Copper River Delta. FLEXPART is a
particle dispersion model used to simulate the transport of air
parcels in the atmosphere. Tracers are given properties that repre-
sentmineral dust, and removal processes, such as scavenging by rain
and snow, are included (see Materials and Methods for details).
In Fig. 5, we show the results of one simulation where 15 kt of

dust was released over 4 days, starting on 14 October 2019. Emis-
sions from the Copper River are controlled by strong winds from the
north or north east. These winds arise because of a pressure gradient
driven by high-pressure systems over Alaska and a low-pressure
system over the Gulf of Alaska (31, 32). On a smaller scale, wind
speed and direction are influenced by local topography; air is chan-
neled down river valleys and into the Gulf of Alaska, leading to
“gap” winds (45). We observed this during our sampling period
where wind speeds were very low (<2 m s−1) between Cordova
and the western edge of the river delta and then rapidly increased,
up to as much as 25 m s−1, once on the delta itself. These gap winds
lead to initial emissions from the Copper River being transported
southward, as can be seen in our model results with a plume of
high total dust mass extending over the Gulf of Alaska.
After 48 hours, the observed pressure gradient is reduced, and

the dust plume is influenced by two low-pressure systems: the
first to the west of the Copper River and another to the south,
over the Gulf of Alaska. After 48 hours, we observe two “arms” in
the modeled dust plume where dust has been entrained in both of
these systems. Low-pressure systems such as those observed during
this period are common in this region; in particular, the Aleutian
low is a semipermanent low-pressure system located near the Aleu-
tian Islands (to the southwest of the Copper River Delta). The po-
sition of this system has been shown to play an important role in
controlling dust emissions and transport from the southern coast
of Alaska (32). After 96 hours, the modeled dust has been transport-
ed over the Bering Sea and western North America. While the total
dust mass is relatively low in some regions, a region of high concen-
tration (0.02 g m−2) remains close to the southern coast of Alaska.
This pattern persists after 144 hours and, after both 96 and 144
hours, is associated with the center of a low-pressure system. This
suggests that the circulation prevents transport over a larger area

Fig. 4. Size-resolved active site density (ns) of Copper River samples. (A) Com-
parison of ns for Copper River dust to ns parametrizations of ice-active minerals
from the work of Harrison et al. (39) scaled to the mineral content of our bulk
sample (from XRD analysis): 9% K-feldspar, 15% quartz, and 58% albite. (B) Com-
parison of ns for Copper River dust to airborne dust samples from Iceland (52) and
Svalbard (48) and sediment samples from Iceland (42) and the Yukon (22). (C) Com-
parison of the ns for Copper River dust before and after heating, as well as to the
same minerals as in (A).
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and further reinforces that the position of the Aleutian low and
other low-pressure systems in the Gulf of Alaska have a strong
control on the transport of dust from the Copper River. After 192
hours, the low-pressure system begins to dissipate, and the dust
begins to disperse. However, total dust mass loading of around
0.002 g m−2 is predicted. These mass loadings are of a similar mag-
nitude to those predicted for dust in this region transported from
lower-latitude sources (16).
The vertical profile in Fig. 5 (bottom) shows the mean trajectory

of emitted particles. For the initial 48 hours of the simulation, much
of the dust remains within the boundary layer; however, after 48
hours, this trajectory begins to increase in altitude; this coincides
with the interaction with low-pressure systems, suggesting that en-
tertainment in these systems may contribute to the vertical trans-
port of dust out of the boundary layer. The vertical trajectory
reaches altitudes of 2500 m above sea level (MASL) and shows
that much of the emitted dust has been transported out of the boun-
dary layer, meaning there is potential for this dust to reach regions
in the atmosphere where temperatures are low enough for the dust
to nucleate ice and influence clouds. To investigate this further, we
combined modeled dust concentrations with our parametrization
of ns for dust from the Copper River and ambient temperatures
[from ERA5 reanalysis data (46)] to estimate atmospheric INP
concentrations.
Figure 6B shows dust concentrations between 0 and 5000 MASL

at 100-m vertical resolution along a transect at 62°N and, in

agreement with Fig. 5, highlights vertical transport of dust with con-
centrations exceeding 15 μg m−3 up to 5000 MASL. We calculated
mean dust concentrations in this region of high concentrations
(within the red box), shown in Fig. 6C. It is clear from Fig. 6 (B
and C) that the peak in dust concentrations is between approxi-
mately 2000 and 4000 MASL, where the temperatures range from
−5° to −20°C. The ambient INP concentration reveals appreciable
INP concentrations above approximately 2000 MASL, where the
temperature drops below −5°C (and is therefore within the con-
straints of our ns parametrization). At approximately 4000 MASL,
dust mass concentrations are still as high as 6 μg m−3 and NINP
exceeds 1 liter−1. This is an appreciable INP concentration and is
within the range that is thought to substantially reduce supercooled
water content and alter cloud radiative properties (4); hence, the
INPs from the Copper River at the concentration that we have esti-
mated are likely to have an impact on mixed-phase clouds in
this region.
Vergara-Temprado et al. (12) estimated a global distribution of

INPs based on feldspar and marine organics. Feldspar is an impor-
tant component of desert dust and therefore can be used to repre-
sent the contribution of desert dust to global INP concentrations. In
the region of the Copper River and Alaska, they estimate an annual
mean INP concentration, based on feldspar, of approximately 1 ×
10−4 liters−1 at −15°C. This is considerably lower than the concen-
trations that we havemodeled in this study at−15°C, suggesting that

Fig. 5. FLEXPART results from a 10-day simulation of a dust event at the Copper River Delta. (A toD) Transport of 15 kt of dust that was released over 4 days, starting
14 October 2019. The total column dust mass [0 to 10,000meters above ground level (magl)] for 48, 96, 144, and 192 hours after the start of the emission period is shown.
(E) Vertical profile of the mean position of released particles (blue line), the boundary layer height (dashed line), and topography (green) along this trajectory.
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INPs originating from the Copper River could dominate over those
from low-latitude sources.
There are some limitations with the simple modeling approach

used in this study, namely, that we used an estimation of emitted
dust rather than modeling it with a dedicated emission scheme.
To investigate the effect of varying the initial mass of dust
emitted, we completed the same analysis with total dust emissions
between 1 and 80 kt. These encompass the range of total mass emis-
sions estimated from different methods during a large dust event
(26) but could also represent dust events of different sizes or inten-
sities. We found that the INP concentrations at −20°C ranged from
0.05 to 10 liter−1 (fig. S4); this shows that even with a more conser-
vative estimate of the total dust emissions, INP concentrations still
exceeded 0.1 liter−1. In addition, in this study, we have investigated
emissions from one source; however, the south coast of Alaska has
many similar regions where dust emissions have been observed con-
currently. During such events, the total mass emitted across numer-
ous active dust sources is likely to be considerably higher than our
estimates, and hence, atmospheric dust and INP concentrations
could also be much higher. With this in mind, our calculations
not only represent a reasonable first estimate of INP concentrations
but also highlight the need for further study and better representa-
tion of emissions from HLD sources in global models.

DISCUSSION
In this study, we show that glacial dust from the Copper River,
Alaska, nucleates ice at temperatures relevant for mixed-phase
clouds. Using FLEXPART for particle dispersion modeling, we
show that dust from the Copper River may contribute to aerosol
concentrations over a large geographical area. In combination
with the size-resolved ice-nucleating activity measurements, mod-
eling shows that this dust can be lofted by meteorological

phenomena typical of this region, to altitudes where it is sufficiently
cold that it can contribute a substantial INP population that out-
competes INPs associated with distant desert sources. The Copper
River Valley is one of many such sources on the south coast of
Alaska and thewider Arctic; hence, these results indicate the impor-
tance of the inclusion of HLD in global models.
Using XRD analysis, we identified the mineral composition of

this dust and found minerals that are known to be important for
ice nucleation, such as potassium feldspar. We were able to
compare our results to parametrizations of these ice-active minerals
and found that the parametrizations did not match the activity of
our samples, suggesting that the observed ice-nucleating activity
was not controlled by the mineral composition of the particles, in
contrast to dust from low-latitude deserts. This was further support-
ed by heat testing the samples, which revealed that all samples were
sensitive to heating, with the most deactivation observed in the
larger size bins. From these results, we conclude that there is a
heat-sensitive biogenic component that controls the nucleation,
particularly at temperatures warmer than −20°C, and propose
that this could be a result of the mixing of glacial dust with biogenic
material during transport or growth of biogenic material over time.
This finding is of particular importance because it shows that not
only do dust concentrations need to be correctly modeled but
also parametrization of INPs must be adapted to correctly represent
high-latitude sources to better represent primary ice production and
its role in cloud properties and climate feedbacks. In addition, we
found that our samples differed from those from other similar high-
latitude sources, such as glacial dust studied by Xi et al. (22), and
were considerably more active (higher ns values), which may be
due to greater biogenic content in our samples. This suggests that
the local environment, specifically the river catchment, influences
the processing of glacial dust and alters the ice-nucleating properties
of transported sediments. This is also an important consideration

Fig. 6. Case studyof dust and INP concentrations after 60 hours. (A) Total dustmass integrated over a 0- to 5000-m column. (B) Vertical transect of dust concentrations
along the red line shown in (A). Isotherms (from ERA5 reanalysis data) are shown in gray, and the topography (from FLEXPARToutput) is shown in green. (C) Vertical profile
of mean dust concentration calculated within the red box shown in (B). Dashed lines represent isotherms of mean temperature in the same region. (D) Vertical profile of
ambient INP concentration calculated using our ns parametrization, dust concentrations shown in (C), and the mean temperature.
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when representing HLD sources in global models, but further
studies are needed to better understand the variability in ice-nucle-
ating activity of HLD.
We have investigated one important HLD source; however, there

are still very few studies of this nature, and there are many dust
emission regions in northern and southern high latitudes that
have not been studied. Linking field observations with modeling
of dust transport is a crucial step in determining the contribution
of HLD to atmospheric INP concentrations; however, many previ-
ous studies have focused on either observations or modeling. For
example, Tobo et al. (20) and Xi et al. (22) identified high-latitude
sources of INPs but did not investigate the transport and atmo-
spheric concentration of INPs from these sources, whereas Shi et
al. (16) and Kawai et al. (47) studied the contribution of HLDs to
INPs in the Arctic but used a single parametrization to represent all
HLDs. In addition, studies such as those of Sanchez-Marroquin et
al. (21) and Kawai et al. (47) use global aerosol models that require
substantial resources and expertise to run. The approach outlined
here offers a methodology to investigate potential INP sources,
from observations at the source to modeling atmospheric concen-
trations, that could easily be applied to other HLD sources. Using
portable battery-powered sampling equipment, which is easy to
carry and deploy in the field, opens up the possibility of making
measurements in more inaccessible regions where larger-field cam-
paigns would be impractical and expensive. In addition, we chose to
use FLEXPART over a more complex aerosol model because it is a
computationally inexpensive, open-source model that can be easily
tailored to different scenarios and run without extensive modeling
experience. Applying this approach to other HLD sources would
provide a comprehensive first estimate of INP concentrations,
which can be used to help inform which dust sources need to be
included in global models.

MATERIALS AND METHODS
Sampling location and field campaign
Sampling was conducted during a field campaign between 11 and
21 October 2019. The Copper River Highway was used to access the
western side of the delta where sampling locations were chosen in
regions with visible dust emissions (Fig. 7). During the 10-day
period of the field campaign, dust events (i.e., days when dust emis-
sions were observed from the surface and airborne dust was visible
over a wide area) occurred for 8 days.

Sample collection
Airborne dust sampling
Airborne dust was sampled using a multistage cascade impactor
(Sioutas Personal Cascade Impactor; SKC Ltd., UK), as shown in
Fig. 8A, which collects size-resolved aerosol samples onto thin sub-
strates for offline analysis. The impactor consists of collection stages
A to D, which leads to aerosol being sorted into four size bins: 0.25
to 0.5 μm, 0.5 to 1.0 μm, 1.0 to 2.5 μm, and >2.5 μm. A flow rate of 9
liters−1 is required, which was provided by a battery-powered pump
(Leland Legacy Pump; SKC Ltd.). Filters (diameter, 25 mm; Nucle-
pore track-etched membrane polycarbonate filters; Whatman, UK),
with 0.05-μm pore size, were used as impactor substrates on each of
the four impactor collection stages. An optical particle counter
(OPC-N2; Alphasense, UK) was used alongside the cascade impac-
tor to provide binned particle size distributions, and both the OPC

and impactor were mounted on a tripod at a height of 1 m above the
surface (Fig. 8B). During the measurement campaign, the OPC was
unable to capture the high dust concentrations and eventually
failed, most likely because of the optics becoming obscured/
blocked by dust; therefore, an alternative gravimetric approach to
determine the amount of aerosol sample was used. Wind speed
was measured at hourly intervals during each sampling period
using a portable three-wind cup anemometer (Skywatch Eole;
JDC Electronic SA, Switzerland). Measurements were taken at the
location of the sampler with the anemometer handheld above the
observer’s head and so approximately 2 m above the surface, com-
pared to the 1-m height of the sampler. This was to ensure that mea-
surements were not influenced by the wind being blocked by the
person holding the anemometer. The instantaneous, 30-s average,
and maximum wind speeds were recorded. The results presented in
Table 1 are the 30-s average wind speed at the start of the sam-
pling period.
Sampling efficiencies of both the impactor and the OPC are af-

fected by wind speed and direction, the combination of which
results in sampling biases; this was an important consideration
during our sampling period due to the high wind speeds observed.
The orientation of sampling inlets in relation to the prevailing wind
direction influences the sampling efficiency, and therefore, sam-
pling biases can be minimized by careful positioning of the instru-
ments (48). Hence, to achieve optimal sampling efficiency, the
impactor was deployed vertically with the inlet upward (90° to the
wind), and the OPCwas deployed with the inlet facing into thewind
(0° to the wind). The effect of wind speed on sampling efficiency
becomes more pronounced as particle size increases. We modeled
the particle losses at a range of wind speeds using an open-source
particle loss calculator (49), the results of which are shown in fig. S2.
We found that between 0 and 2.5 μm (stages B to D), particle losses
are minimal. However, above 2.5 μm, the sampling efficiency
quickly decreases, reaching 0 at around 6 μm for wind speeds of
16 m s−1. This implies that although stage A has no defined
upper size limit, we are unlikely to have sampled particles >6 μm
and that samples on stage A would be biased toward smaller sizes.

Fig. 7. The Copper River Delta showing sampling locations A and B, Cordova,
and the Copper River Highway. Background image derived from Landsat 8 Col-
lection 2 Tier 1 calibrated top-of-atmosphere reflectance.
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This was considered in the calculation of specific surface area as
outlined below.
Three sets of impactor collection stages were prepared at the

University of Leeds and transported to the field site. The impactors
were taken apart and cleaned with isopropyl alcohol, then rinsed
with ultrapure water (CHROMASOLV water for high-performance
liquid chromatography; Sigma-Aldrich), and lastly dried using dry
nitrogen. Collection substrates were installed on each stage using
tweezers, and then, each set of collection stages was wrapped in Par-
afilm and sealed in a sterile bag until ready to be used. Of the im-
pactors prepared in Leeds, two were used for sampling and one as a
handling blank, whereby no sample was collected on the collection
substrates, but they were analyzed using the same protocol as the
samples to assess the background INP activity. For subsequent
samples, the impactors were prepared in Alaska: At the end of
each sampling period, the impactor was sealed in a bag and trans-
ported from the field site to a nearby hotel; here, the substrates were
removed from the impactor using tweezers, placed into prerinsed
50-ml centrifuge tubes, and stored in a freezer at −18°C. The collec-
tion stages and filter retainer were cleaned again using isopropyl

alcohol and ultrapure water before being reloaded with new sub-
strates and sealed until the next sampling period. The impactors
were left to dry with a sterile bag placed over them. When removing
samples and installing new substrates, the impactor was placed
inside a freshly opened sterile polyethylene bag and then loosely
closed around the hands of the person preparing the impactors;
the entire process could then be completed inside the bag. In the
absence of a laminar flow hood, we hoped that this would reduce
potential contamination; while the exposed filters were still
exposed to potentially unclean air from the room, they would be
protected from particles falling onto them, for example, from cloth-
ing. The handling blanks prepared in Alaska following this protocol
did not show a higher level of background INP activity when com-
pared to the handling blanks prepared in Leeds. We therefore
assume that there was no additional contamination when the im-
pactors were prepared in the field as opposed to in the laboratory
in Leeds.
Surface dust sampling for XRD
In addition to the airborne samples, dust source material was col-
lected close to the sampling locations shown in Fig. 7. Material was
collected from the surface using a stainless steel scoop and briefly
stored in sterile bags. While still in Alaska, the surface samples
were sieved using a 45-μm stainless steel sieve (Fisherbrand, UK),
which was cleaned in advance with isopropyl alcohol and ultrapure
water. Once sieved, the samples were stored in prerinsed containers
(Nalgene polycarbonate jars; Thermo Scientific, UK) and frozen.
The sieved samples were used to investigate the mineralogy of
dust from this source using XRD. The percentage of each mineral
in the sample was determined using Total Pattern Analysis Solu-
tions analysis of Rietveld refinement of powder XRD patterns.

INP droplet freezing assay experiments
The ice-nucleating ability of airborne samples was investigated
using the University of Leeds Microlitre Nucleation by Immersed
Particle Instrument (μL-NIPI) for cold-stage droplet freezing exper-
iments, following the method outlined byWhale et al. (50). Suspen-
sions were prepared by adding 3 ml of ultrapure water to the
centrifuge tube containing each substrate and agitated using a
vortex mixer for 10 min. From this suspension, 1-μl droplets were
pipetted onto a hydrophobic glass slide placed on a temperature-
controlled cold stage. A chamber, with a digital camera, was
placed on top and then flushed with dry nitrogen to inhibit conden-
sation and frost formation. The cold stage was cooled at a rate of 1°C
min−1, and the freezing of droplets were recorded by the digital
camera, which, combined with concurrent measurement of the
temperature of the cold stage, allowed the fraction of droplets
frozen at a given temperature, fice(T ), to be determined. The con-
centration of INPs per volume of sampled air, NINP, as a function of
temperature could then be calculated according to Eq. 1 (48)

NINPðTÞ ¼ � ln½1 � f iceðTÞ�
Vwash

VdropletVair
ð1Þ

where Vwash is the volume of wash-off suspension (3 ml), Vdroplet is
the volume of the droplets in the freezing assay experiment (1 μl),
and Vair is the volume of sampled air at standard temperature and
pressure.
For each filter, experiments were repeated three times and com-

bined by binning the data into 1°C temperature intervals and

Fig. 8. Size-resolved dust sampling in the Copper River Valley. (A) Sioutas Per-
sonal Cascade Impactor. Sampled air passes through accelerator plates A to D in
turn and particles above the cut-off size for each plate (A, >2.5 μm; B, 1.0 μm; C, 0.5
μm; and D, 0.25 μm) are collected on to the corresponding collection plate. Col-
lection plates (inset) consist of a 25-mm collection substrate, filter retainer, and
nitrile O-ring to maintain an airtight seal. (B) Cascade impactor and optical particle
counter deployed in the Copper River Valley on a tripod.
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finding a mean number of freezing events in each bin and then the
mean fraction frozen. The error bars represent the SDs of these
repeat runs. In addition, the influence of background INP activity
was removed by background subtraction similar to the method de-
scribed by Sanchez-Marroquin et al. (21). Briefly, for each handling
blank and sample, the differential freezing spectra [k(T )] were cal-
culated. Then, the mean and SD of k(T ) for all the handling blanks
were calculated and taken to represent our background activity. This
background k(T ) value was subtracted from the mean k(T ) of each
sample, and the SDs were combined in quadrature to represent the
total error. After background subtraction, k(T ) was converted to cu-
mulative INP spectra, K(T ), from which NINP was calculated. For
data points falling in the background, this subtraction results in a
k(T ) value of zero and no increase in K(T ) or NINP at this temper-
ature interval in the cumulative space; however, these points would
still have an upper error bar above zero. Hence, the measured INP
activity at that temperature interval is consistent with zero, but the
top of the error bar represents a possible upper limit.

Heat tests
We performed a heat test according to the protocol defined by Daily
et al. (36). Suspensions were prepared as previously outlined, and
then, a 1-ml aliquot of liquid containing the sample was separated.
This was placed in a 15-ml centrifuge tube and then heated in a
vessel of boiling water for 30 min. The liquid was allowed to cool
and then tested using a standard μL-NIPI droplet freezing assay.

Gravimetric analysis and ice-active site density calculation
To make comparisons of ice-nucleating activity across different
samples, the surface area of material per droplet can be used to nor-
malize the data and give a value of the number of active sites per unit
surface area, ns(T )

nsðTÞ ¼ �
ln½1 � f iceðTÞ�

As
ð2Þ

where As is the total surface area of particles per droplet. This was
estimated for each impactor size bin using the mass of sampled
aerosol, the average specific surface area of particles in each bin,
and the known droplet and suspension volumes (1 µl and 3 ml,
respectively).
The mass of aerosol sampled in each size bin was determined

gravimetrically. Before preparing the suspensions as described
above, each filter was weighed using a microbalance (Sartorius
Cubis High-Capacity Micro Balance; Sartorius Ltd.). After
washing, the filter was removed from the suspension and dried in
an oven at 50°C for approximately 1 hour and weighed again. The
difference in mass before and after washing was then taken as the
sampled aerosol mass for that size bin. Measurements of such low
masses can have a high uncertainty, so each filter was weighed five
times and the mean and SD were calculated. In addition, filters were
placed under an antistatic fan before every measurement to mini-
mize errors associated with a buildup of static electricity. To
ensure that the process did not alter the mass of the filters them-
selves, 20 new filters that had not been exposed to aerosol were an-
alyzed using the same process, and the uncertainty was found to be
±5μg, which was taken to be the limit of detection for this method.
Last, droplet freezing experiments using the wash-off suspensions
from the blank filters were used to confirm that there was no

increase in background INP activity; therefore, we can assume
that the process does not introduce contamination.
The average specific surface area of particles in each size bin was

estimated using Eq. 3

SSA ¼
6
ρd

ð3Þ

where ρ is the density of the particle and d is the diameter of the
particle. A value of 2.65 g cm−3 was used for ρ, which represents
mineral dust, and d was approximated by using the diameter at
the middle of each size bin. For stage A, which does not have a
defined upper size boundary, we used a diameter of 4 μm because
we were unlikely to collect particles >6 μm because of particle losses
as a result of high wind speeds, as outlined above.

Particle dispersion and dust concentration modeling
The transport dust from the Copper River was modeled using
FLEXPART (13, 51). FLEXPART is a Lagrangian particle dispersion
model used to simulate the transport of air parcels bymean flow and
processes such as turbulent and diffusive transport, turbulence, and
convection (51). We used FLEXPART to run 10-day forward trajec-
tories of particles released over a 4-day period; the results presented
here correspond to FLEXPART runs starting at 00:00 on 14 October
2019. Particles were released between 0 and 10 m above the surface
in a 300-km2 region covering the lower reaches of the Copper River
Delta and encompassing our sampling sites. Model runs were
driven by ERA5 meteorological reanalysis data from the European
Centre for Medium Range Weather Forecast (46) with a 3-hour
temporal resolution, 0.28° × 0.28° (30 km) horizontal resolution
and 137 vertical levels. We used an aerosol tracer with characteris-
tics tuned to represent mineral dust and particularly to accurately
represent wet and dry aerosol removal processes. Wet deposition
in FLEXPART is partitioned into below-cloud and in-cloud pro-
cesses, taking into account scavenging by rain and snow, as well
as the efficiency of particles to act as cloud condensation nuclei or
INPs. Scavenging coefficients were chosen on the basis of findings
of a multiyear study of mineral dust deposition using FLEXPART
(15). Particle sizes in FLEXPART are defined by a log-normal dis-
tribution around a mean particle diameter, where the user can
specify the mean and sigma values. We tested different particle
sizes, corresponding to the size bins of the impactor stages;
however, the results presented here correspond to a mean particle
diameter of 1 μm because accumulation mode dust particles dom-
inate the number of dust INPs because of their long lifetime and
high concentration. A comparison of modeled INP concentration
with different mean particle sizes is shown in fig. S3. When
running forward trajectories, the total mass emitted can be specified
at the start of each model run. Estimates of the total dust mass from
a snapshot of a dust plume during a large event in 2006 ranged from
9 to 26 kt; this event continued intermittently for 18 days, and
hence, it was expected that the total mass emitted over the full
period was considerably higher (30 to 80 kt) (31). Comparing sat-
ellite imagery from this event to our sampling period suggests that
the total emissions during the event that we sampled are likely to be
considerably less. To capture the possible range of emissions from
dust events and the resulting atmospheric INP concentrations, we
repeated FLEXPART runs with total masses ranging from 1 to 80 kt
(fig. S4).
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Modeled INP concentrations
From our calculations of ns, we developed parametrizations of
ns(T ), representing dust from the Copper River. For each of the
four impactor stages, we calculated a mean ns(T ) curve. We then
fitted a second-order polynomial to the logarithm of these mean
values to yield four different parametrizations based on particle
size. Combining ns(T ) with dust concentration and temperature
leads to atmospheric INP concentrations, NINP(T )

NINPðTÞ ¼ Ndustf1 � exp½� nsðTÞs�g ð4Þ

ns(T ) is the ice-active site density at temperature T; s is the surface
area of an individual particle, and Ndust is the dust number concen-
tration. In this case, Ndust can be determined from FLEXPART
model results, and T was set to the ambient atmospheric tempera-
ture (Tamb) from ERA5 reanalysis data to determine NINP(T ) or the
number of particles that might activate to ice at T and within a cloud
droplet. The results from model runs shown here represent a parti-
cle size of 1 μm; hence, we used the ns parametrization for stage B,
which corresponds to 1 to 2.5 μm, and calculations of s are based on
a particle diameter of 1 μm. In addition, dust mass concentrations
from FLEXPART were converted to Ndust based on a particle diam-
eter of 1 μm and a density of 2.65 g cm−3.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
Table S1
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